More and more researchers in ecological economics have recognized that the biophysical approach provides a better foundation to understand human society and its long term evolution than mainstream economic theory. However, ecological economics textbooks are still written from the mainstream economics perspective. This is largely due to a lack of analytical theory in ecological economics. One would expect that an analytical theory based on sound physical foundation would provide a clearer understanding of our daily activities than mainstream economics, whose foundation has been challenged by more and more researchers. This is indeed the case. In this paper, we present a newly developed analytical thermodynamic theory of ecological economics and show how it provides much more realistic and intuitive understanding of economic, social and biological phenomena than mainstream economic theory. This theory turns the insights from ecological economics into an analytical model that can be applied to day to day business activities. It will help transform ecological economics from a niche subject into the theoretical foundation of social sciences.
Introduction
More and more researchers in ecological economics have recognized that the biophysical approach provides better foundation to understand human society and its long term evolution than mainstream economic theory. However, ecological economics textbooks are still written from the perspective of mainstream economics (Stern, 2007) . This is largely due to a lack of analytical theory in ecological economics. One would expect that an analytical theory based on a sound physical foundation would provide a clearer understanding of our daily activities than mainstream economics, whose foundation has been challenged by more and more researchers. This is indeed the case. A newly developed analytical thermodynamic theory of ecological economics provides much more realistic and intuitive understanding of economic, social and biological phenomena than mainstream economic theory (Chen, 2005) . In this paper, we will present a more detailed discussion of the production theory, which forms one part of the analytical theory, and show how the new production theory provides a simple and systematic understanding business investment problems we encounter frequently.
Because of the fundamental link between thermodynamics and life, many attempts have been made to develop analytical theories based on the principle of thermodynamics and apply them to living systems and human society. These include Lorenz' chaos theory and Prigorgine's far from equilibrium thermodynamic theory. Lorenz, a meteorologist, simplified weather equations, which are thermodynamic equations, into ordinary differential equations. He found chaos properties from these equations. Prigorgine developed the theory from some chemical reactions. The theories of Lorenz and Prigorgine greatly influenced the thinking in biology and social sciences. However, they do not model life process or social activities directly. Chaos theory and Prigorgine's theory, while providing good insights to the research in biological and social sciences, are mostly analogies. Many of the recent works on the application of physics to economics are summarized in Farmer et al. (2005) . These works apply the techniques from research in physics to economics and do not directly model economic activities as physical processes.
Since uncertainty is an integral part of life processes, the advancement of stochastic calculus is essential for the development of an analytical thermodynamic theory of life and human society. In the past several decades, some fundamental works in the area of stochastic calculus were undertaken by people with very diverse backgrounds. Three works are particularly relevant to the development of our theory. The first is Ito's Lemma, which provides a rule to find the differential of a function of stochastic variable. Ito's Lemma was obtained in 1940s. But its importance was not recognized until its wide spread application in financial economics several decades later. Ito was awarded Gauss Prize in 2006, sixty years after his theory was initially developed.
The second tool is Feynman-Kac formula, which maps a stochastic process into a deterministic thermodynamic equation. Richard Feynman (1948) attempted to simplify calculation in quantum mechanics by transforming problems in stochastic processes into problems in deterministic processes. The new mathematical technique enabled him to perform many computations in quantum mechanics which were very difficult in the past. With this he established the theory of quantum electrodynamics. The breakthrough in physics is often generated by the breakthrough in new mathematical methods, which enables us to describe the subtler parts of the nature. An important motivation in Feynman's research was his seek for universality. "The question that then arose was what Dirac had meant by the phrase 'analogous to,' and Feynman determined to find out whether or not it would be possible to substitute the phrase 'equal to.'" (Feynman and Hibbs, 1965, p. viii) Feynman, together with Tomonaga and Schwinger, was awarded Nobel Prize in physics for this work in 1965. Despite its highly technical nature, Feynman-Kac formula is a very general result and has proved to be extremely useful in many different fields. In particular, Feynman-Kac formula has been widely used in the research in finance recently. It was even suggested that "Feynman could be claimed as the father of financial economics" (Dixit and Pindyck, 1994, p. 123 ).
The third is Black-Scholes (1973) option pricing theory, which provides an analytical formula of observable variables to price a financial instrument whose payoff depends on a stochastic process. This is a landmark contribution in social sciences. It shows that a complex economic problem can be effectively modeled by a stochastic process, a simple and deterministic analytical theory about it can be developed and much information about it can be obtained through such an analytical theory. Fischer Black, one of the co-developers of the Black-Scholes theory, was a legendary figure in finance.
Fischer never took a course in either economics or finance, so he never learned the way you were supposed to do things. But that lack of training proved to be an advantage, … since the traditional methods in those fields were better at producing academic careers than new knowledge. Fischer's intellectual formation was instead in physics and mathematics, and his success in finance came from applying the methods of astrophysics. Lacking the ability to run controlled experiments on the stars, the astrophysist relies on careful observation and then imagination to find the simplicity underlying apparent complexity. In Fischer's hands, the same habits of research turned out to be effective for producing new knowledge in finance. (Mehrling, 2005, p. 6) Black-Scholes option theory provides the earliest inspiration in developing an analytical thermodynamic theory of life and human society. More detailed discussion about its history can be found in Chen (2005) . In the following, we will briefly discuss the basic ideas of this theory.
There are two fundamental properties about life. First, living organisms need to extract resources from the environment to compensate for the continuous loss of resources required to maintain various functions of life. Second, for an organism to be viable, the total cost of extracting resources has to be less than the amount of resources extracted (Odum, 1971 and Hall et al, 1986 ). The second property could be understood as natural selection rephrased from the resource perspective. The purpose of our work is to derive a self-contained mathematical theory of production from these two fundamental properties about life.
From the physics perspective, resources can be regarded as low entropy sources (GeorgescuRoegen, 1971 ). The entropy law states that systems tend toward higher entropy states spontaneously. Living systems, as non-equilibrium systems, need to extract low entropy from the environment to compensate for their continuous dissipation. It can be represented mathematically by lognormal processes, which contain a growth term and a dissipation term. From the entropy law, the thermodynamic dissipation of an organic or economic system is spontaneous. The extraction of low entropy from the environment, however, depends on specific biological or institutional structures that incur fixed or maintenance costs. Additional variable cost is required for resource extraction. Higher fixed cost systems generally have lower variable costs. Fixed cost is largely determined by genetic structure of an organism or design of a project. Variable cost is a function of environment. From the Feynman-Kac formula, a result widely used in science literature and increasingly used in finance literature, we derive the thermodynamic equation that variable cost of a production system should satisfy. An organism survives if the amount of resources it extracts is higher than the total cost. Similarly, a business survives if its revenue is higher than the total cost of production. We set the initial condition of the equation so that total cost is equal to the amount of resource extracted or revenue generated. Then we solve the thermodynamic equation to derive an analytic formula that explicitly represents the relation among fixed costs, variable costs, uncertainty of the environment, discount rate and the duration of a production system, which is the core concern in most economic decisions.
It is often suggested that economic theories, for analytical ease and tractability, sacrifice their relevance to reality (Hall, et al, 2001 ). This new theory shows that an economic theory based on the firm foundation of reality is actually analytically easier and more tractable. In this paper, we show that the analytical representation of various factors in production processes enables us to directly compute and analyze the returns of different production systems under various kinds of environment in a simple and systematic way. The results are highly consistent with the empirical evidences obtained from the vast amount of literature in economics and ecology. Furthermore, the theory, by putting major factors of production into a single mathematical model, provides precise insights about the tradeoffs and constraints of various business or evolutionary strategies that are often lost in intuitive thinking. For example, in the business literature, some emphasize training of employee, others emphasize cost cutting. But employee training is costly. The tradeoff between better training and lower cost is often not explicitly discussed in the same literature. Our theory provides specific suggestion whether more training or cost cutting is more profitable under different kinds of circumstances.
Mainstream economists pay little attention to the biophysical foundation of human society because they believe special qualities of human beings will make physical constraints less relevant. A biophysical approach puts the physical constraint of human society at the center of its analysis. The validity of a physical theory is best manifested by the existence of a corresponding mathematical theory that is derived from the most fundamental properties of life and is consistent with a wide range of patterns observed in both economics and ecology. After all, all physical laws are represented by mathematical formulas. The computability of the mathematical theory will transform biological science, which include social science as a special case, into an integral part of physics.
Simplicity and universality are the hallmarks of this theory. All the results in the paper have been taught at undergraduate classes and the students embrace the ideas enthusiastically. Since all the results are calculated from simple analytical formulas, they can be reproduced and applied easily by researchers and students. An Excel file containing all the calculation and graphs in this paper can be obtained from the author. This paper is structured as follows. Section 2 presents the derivation of the analytical thermodynamic theory. Section 3 presents some detailed results from this theory. Section 4 compares the analytical thermodynamic theory with the neoclassical economic theory. Section 5 concludes.
An analytical thermodynamic theory of production
The theory described in this section, which is adapted from Chen (2005) , can be applied to both biological and economic systems. For simplicity of exposition, we will use the language of economics. But the extension to biological system is straight forward and is consistent with the ideas put forth by Odum, (1971) and Hall et al, (1986) .
A basic property in economic activities is uncertainty. While a business may face many different kinds of uncertainty, most of the uncertainties are reflected in the price uncertainty of the product.
Suppose S represents unit price of a commodity, r, the expected rate of change of price and σ, the rate of uncertainty. Then the process of S can be represented by the lognormal process where
The production of the commodity involves fixed cost and variable cost. In general, production factors that last for a long term, such as capital equipment, are considered as fixed cost while production factors that last for a short term, such as raw materials, are considered variable costs.
If employees are on long term contracts, they may be better classified as fixed costs, although in many cases, they are classified as variable costs. Firms can adjust their level of fixed and variable costs to achieve high level of return on their investment. Intuitively, in a large and stable market, firms will invest heavily on fixed cost to reduce variable cost, thus achieving higher level of economy of scale. In a small or volatile market, firms will invest less on fixed cost to maintain high level of flexibility. In the following, we will derive a formal mathematical theory that focuses on this issue.
In natural science, there is a long tradition of studying stochastic processes with deterministic partial differential equations. For example, heat is a random movement of molecules. But the heat process is often studied by heat equation, a type of partial differential equations. In studying quantum electrodynamics, Richard Feynman (1948) developed a general method to study probability wave function with partial differential equations. Kac (1951) provided a more systematic exposition of this method, which was later known as Feynman-Kac formula, whose
use is very common in natural sciences (Kac, 1985) . Recently, Feynman-Kac formula has been widely used in the research in finance. What I want to do is to apply Feynman-Kac formula to derive variable cost in production as a function of other parameters.
Let K represents fixed cost and C represents variable cost, which is a function of S, the value of the commodity. If the discount rate of a firm is r, from the Feynman-Kac formula (Øksendal, 1998, p. 135) , the variable cost, C, as a function of S, satisfies the following equation with the initial condition To determine f(S), we perform a thought experiment about a project with a duration that is infinitesimally small. When the duration of a project is sufficiently small, it has only enough time to produce one unit of product. In this situation, if the fixed cost is lower than the value of the product, the variable cost should be the difference between the value of the product and the fixed cost to avoid arbitrage opportunity. If the fixed cost is higher than the value of the product, there should be no extra variable cost needed for this product. Mathematically, the initial condition for the variable cost is the following:
where S is the value of the commodity and K is the fixed cost of a project. When the duration of a project is T, solving equation (2) with the initial condition (4) yields the following solution where The function N(x) is the cumulative probability distribution function for a standardized normal random variable. Formula (5) takes the same form as the well-known Black-Scholes (1973) formula for European call options. Formula (5) provides an analytical formula of variable cost as a function of fixed cost, uncertainty, duration of project and discount rate of a firm. A new theory is ultimately justified by its implications. We will look at the properties and implications of this theory. First, when fixed costs, K, are higher, variable costs, C, are lower. Second, for the same amount of fixed cost, when the duration of a project, T, is longer, variable cost is higher. Third, when uncertainty, σ, increases, variable cost increases. Fourth, when fixed cost approaches zero, variable cost will approach to the value of the product. Fifth, when the value of a product approaches zero, variable cost will approach zero as well. All these properties are consistent with our intuitive understanding of production processes.
Suppose the volume of output during the project life is Q, which is bound by production capacity or market size. We assume the present value of the product to be S and variable cost to be C during the project life. Then the total present value of the product and the total cost of production are respectively. The return of this project can be represented by and the net present value of the project is
Unlike a conceptual framework, this mathematical theory enables us to make quantitative calculation of returns of different projects under different kinds of environments. We will provide a systematic analysis in the next section.
Systematic analysis of the performance of a project
The profit or return of a project is determined by fixed cost, variable cost and total output during the life of the project. Variable cost is a function of fixed cost, uncertainty, duration of the project, and discount rate. Since how much to invest or commit at the beginning of the project is the most important decision to make, we will first discuss how fixed cost is related to uncertainty, (6) and
duration of the project, discount rate and total output in determining the performance of the project. Then we will discuss how other factors are related to each other.
Fixed cost and uncertainty:
Calculating variable costs from (5), we find that, as fixed costs are increased, variable costs decrease rapidly in a low market uncertainty environment and change very little in a high market uncertainty environment. Put it in another way, high fixed cost systems are very sensitive to the change of market uncertainty level while low fixed cost systems are not. This is illustrated in clout of large firms, small firms account for a disproportionately high share of innovative activity (Acs and Audretsch, 1990) .
Similarly, in scientific research, mature areas are generally dominated by top researchers from elite schools, while scientific revolutions are often initiated by newcomers or outsiders (Kuhn, 1996) .
Fixed cost and duration of the project:
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We study how the level of duration of projects affects rate of return. If duration of a project is too short, we may not be able to recoup the fixed cost invested in the project. If the duration of a project is too long, the variable cost, or maintenance cost may become too high. This is a natural tradeoff between duration and maintenance cost. With the mathematical theory, we can make quantitative calculations. To be specific, we will compare the profit level of one project with that of two projects with duration half long while keeping other parameters identical. We also assume the annual output of two types of projects are the same. We find that when duration is short, the profit level of one long project is higher than two short projects. When duration is long, the profit level of one project is lower than two short projects. This is consistent with intuition. The detailed calculation is illustrated in Figure 2 . It explains why individual life does not go on forever.
Instead, it is more efficient for animals to produce offspring. This also determines most businesses fail in the end (Ormerod, 2005) .
Calculation also shows that when the level of fixed cost increases, the length of duration for a project to be of positive return also increases. This suggests that large animals and large projects, which have higher fixed cost, often have longer life. There is an empirical regularity that animals of larger sizes generally live longer (Whitfield, 2006) . The relation between fixed cost and duration can be also applied to human relation. In child bearing, women spend much more effort than men. Therefore we would expect women value long term relation while men often seek short term relation, which is indeed the case most of the time (Pinker, 1997) Fixed cost and discount rate:
We discuss how the level of fixed cost affects the preference for discount rates. Assume there are two production systems, one with fixed cost of 10 and the other with fixed cost of 5. Other parameters with the production systems are the same. Unit value of the product is 1, duration of the projects are 10 years and the level of uncertainty is 60% per annum. We calculate how variable costs change with different discount rates. When discount rates are decreased, variable costs of high fixed cost systems decreases faster than variable costs of low fixed cost systems (Figure 3 ). This indicates that high fixed cost systems have more incentives to maintain low discount rates or lending rates. It helps us understand why prevailing lending rates are different at different areas or times.
In medieval societies or in less developed countries, lending rates were very high and in modern economy, lending rates charged by regular financial institutions are generally very low. To maintain low level of lending rates, it takes a lot of credit and legal agencies to inform and enforce, which is very costly. As modern societies are of high fixed cost, they are willing to put up the high cost of credit and legal agencies because efficiency gain from lower lending rate is higher in high fixed cost systems.
While this result about fixed cost, discount rate and variable cost seems to be new, the human mind understands it instinctly. In the field of human psychology, there is an empirical regularity called the "magnitude effect" (small outcomes are discounted more than large ones) Most studies that vary outcome size have found that large outcomes are discounted at a lower rate than small Differences in fixed costs in child bearing between women and men also affect the differences in discount rates between them. Women spend much more effort in child bearing. From our theory, the high fixed investment women put in child bearing would make women's discount rate lower than men's. A classroom survey showed that this is indeed the case.
Fixed cost and the volume of output or market size:
We discuss the returns of investment on projects of different fixed costs with respect to the volume of output or market size. Figure 4 is the graphic representation of (7) for different levels of fixed costs. In general, higher fixed cost projects need higher output volume to breakeven. At the same time, higher fixed cost projects, which have lower variable costs in production, earn higher rates of return in large markets. From the above discussion the level of fixed investment in a project depends on the expectation of the level of uncertainty of production technology and the size of the market. When the outlook is stable and market size is large, projects with high fixed investment earn higher rates of return.
When the outlook is uncertain or market size is small, projects with low fixed cost breakeven easier.
In ecological system, the market size can be understood as the size of resource base. When resource is abundant, an ecological system can support large, complex organisms (Colinvaux, 1978) . Physicists and biologists are often puzzled by the apparent tendency for biological systems to form complex structures, which seems to contradict the second law of thermodynamics (Schneider and Sagan, 2005) . However, once we realize that systems of higher fixed cost are more competitive in the resource rich and stable environments, this evolutionary pattern becomes easy to understand.
Uncertainty and duration:
When uncertainty is high, intuition suggests that duration of a project should be kept short. We compare the profit level of one project with that of two projects with duration half long at different levels of uncertainty. When uncertainty is low, projects with long duration are more profitable. When uncertainty is high, projects with short duration are more profitable. It is illustrated in Figure 5 . It should be noted that the patterns emerged from computation are more complex in this case. The profit differentials between one long project and two short projects are not always monotonic with respect to the increase of uncertainty. The advantage of a mathematical theory is that we can make detailed and precise investigation.
The above calculation suggests that in a highly uncertain environment, project duration should be kept short. This is indeed what software engineers have proposed (Beck and Andres, 2002) .
Instead of working from the beginning to the end according to a detailed plan, as is the norm in engineering projects, new software developments, which are often of highly uncertain in their features and functions, should consist of many mini projects with short duration so they can be revised frequently.
Uncertainty and discount rate:
Variable cost is an increasing function of discount rate. When uncertainty is low, variable cost is much lower with low level of discount rate. When uncertainty is high, variable costs are not sensitive to discount rate. Therefore, only in stable environment, reducing discount rate is important. Figure 6 presents the ratios of variable costs between low and high levels of uncertainty at different levels of discount rates. It shows that the reduction of variable cost is much more significant at low discount rate level.
Project duration and discount rate:
When discount rate or interest rate becomes lower, the variable cost of a project will decrease and profit will increase. Projects with different lengths of duration will be affected differently from the reduction of discount rates. Figure 7 presents the ratios of profits between projects at low and high discount rates at different levels of project duration. As project lengths are increases, the ratios increase as well. This indicates that projects with longer duration benefit more from the reduction of interest rates.
We next calculate the breakeven point of a project with respect to project duration and discount rate. Assume that project output per unit time is one. Calculation from formula (7) shows that it requires lower discount rate to breakeven when project duration is lengthened. When project duration is sufficient long, the discount rate could become negative at the breakeven point. This is illustrated in Figure 8 . In ecological systems, animals live a long life, such as elephants, generally have much lower fertility rates than animals live a short life, such as cats. In human society, we often use longevity, or duration of human life as an indicator of the quality of a social environment. At the same time, societies enjoy long life span, such as Japan, are often concerned about below replacement fertility. Our calculation shows that there is negative relation between duration of life and fertility. Intuitively, aging population needs great amount of resource on health, which reduces the amount of resources available to support children. Hence, there is a natural tradeoff between longevity and fertility.
Since its birth, the foundation or "assumptions" of neoclassical economic theory has been criticized for its lack of relevance to reality. To this, Milton Friedman replied:
In so far as a theory can be said to have "assumptions" at all, and in so far as their "realism"
can be judged independently of the validity of predictions, the relation between the significance of a theory and the "realism" of its "assumptions" is almost the opposite of that suggested by the view under criticism. Truly important and significant hypotheses will be found to have "assumptions" that are wildly inaccurate descriptive representations of reality, and in general, the more significant the theory, the more unrealistic the assumptions (in this sense). The reason is simple. A hypothesis is important if it "explains" much by little, that is, if it abstracts the common and crucial elements from the mass of complex and detailed circumstances surrounding the phenomena to be explained and permits valid predictions on the basis of them alone. To be important, therefore, a hypothesis must be descriptively false in its assumptions; it takes account of, and accounts for, none of the many other attendant circumstances, since its very success shows them to be irrelevant for the phenomena to be explained. (Friedman, 1953, p. 16) He further challenged:
As we have seen, criticism of this type is largely beside the point unless supplemented by evidence that a hypothesis in one or another of these respects from the theory being criticized yield better predictions for as wide a range of phenomena. (Friedman, 1953, p. 31) Chen (2005) offered very detailed discussion on how the new theory, which is based on more realistic assumptions, does "yield better predictions for as wide a range of phenomena". The following is adapted from Chen (2005) , which compares the new production theory briefly with neoclassical economic theory.
Consistency with physical and biological theories
Neoclassical economics was founded around 1870 by Jevons, Walras and others, who believed that economics should be built on a sound physical foundation. Since the dominant platform of physics in Jevons and Walras' time was Newtonian mechanics, it was natural for them to adopt this platform. However, theories derived from rational mechanics often do not offer good explanation to economic behaviors. Gradually, explicit identification with physics disappears while analogies between physics and economics are frequently mentioned. The following quote from Samuelson's Nobel lecture is quite representative:
There is really nothing more pathetic than to have an economist or a retired engineer try to force analogies between the concepts of economics. How many dreary papers have I had to referee in which the author is looking for something that corresponds to entropy or to one or another form of energy.
In the very next paragraph, however, Samuelson found some analogy himself.
However, if you look upon the monopolistic firm hiring ninety-nine inputs as an example of a maximum system, you can connect up its structural relations with those that prevail for an entropy-maximizing thermodynamic system. Pressure and volume, and for that matter absolute temperature and entropy, have to each other the same conjugate or dualistic relation that the wage rate has to labor or the land rent has to acres of land.
Mirowski observed, "The key to the comprehension of Samulson's meteoric rise in the economics profession was his knack for evoking all the outward trapping and ornament of science without ever coming to grips with the actual content or implications of physical theory for his neoclassical economics" (Mirowski, 1989, p. 383) .
Life systems are non-equilibrium thermodynamic systems. The current dominant economic theory is general equilibrium theorem. Social system is a special case of living systems. When a theory about a special case is inconsistent with general foundation, either the general foundation or the special theory is wrong. So far, economists have not challenged the validity of the nonequilibrium thermodynamic theory of life systems. This theory shows that an analytical theory of economics can be directly derived from basic physical and biological laws. By this, it establishes social sciences as an integral part of physical and biological sciences.
A comparison with production functions
Production functions, such as Cobb-Douglas production function, form the fundamental blocks in general equilibrium production theory. Cobb-Douglas function takes the form
where Y, L and K denote output, labor (variable cost) and capital (fixed cost) respectively. Solow had made following comment about the production function:
I have never thought of the macroeconomic production function as a rigorously justifiable concept. In my mind it is either an illuminating parable, or else a mere device for handling data, to be used so long as it gives good empirical results, and to be discarded as soon as it doesn't, or as something better comes along. (Solow, 1966 (Solow, , p. 1259 By contrast, the analytical production theory developed here is derived rigorously from the fundamental property of life systems. It gives simple and clear results of returns to investment under different market conditions. The form and parameters of Cobb-Douglas function are given without rigorous justification. A, the coefficient in Cobb-Douglas function, "has been called, among other things, 'technical change', 'total factor productivity', 'the residual' and 'the measure of our ignorance'" (Blaug, 1980, p. 465) .
From Cobb-Douglas production function, economic output can always be increased by the increase of capital. This is the basis of continuous economic growth from the neoclassical economic theory. From the biophysical theory, the return of an economic system can be measured by formula (7), in which the output of the whole society is considered as a giant project. From (7), the total output is SQ, which is constrained by the total amount of resources. If K, the total amount of capital, is too high, the return will become negative and economic activity will shrink instead of expand over time.
Since production functions are widely used in economic literature in constructing economic models, even a small improvement on this topic should have a big impact in understanding economics.
Optimality vs. tradeoff
Optimization theory holds the central position in neoclassical economics. Paul Samuelson's Nobel Lecture is titled Maximum Principles in Analytical Economics. Alchian (1950) and Friedman (1953) tried to reconcile the maximization principle with evolutionary theory. Friedman stated:
Confidence in the maximization-of-return hypothesis is justified by evidence of a very different character. … unless the behavior of businessmen in some way or other approximated behavior consistent with the maximization of returns, it seems unlikely that they would remain in business for long. Let the apparent immediate determinant of business behavior be anything at all ---habitual reaction, random chance, or whatnot. Whenever this determinant happens to lead to behavior consistent with rational and maximization of returns, the business will prosper and acquire resources with which to expand; whenever it does not, the business tend to lose resources and can be kept in existence only with addition of resources from outside.
The process of "natural selection" thus helps to validate the hypothesis ---or rather, given natural selection, acceptance of the hypothesis can be based largely on the judgment that it summarized appropriately the conditions for survival. (Friedman, 1953, p. 22) We will use an example of project investment to illustrate the problem of Friedman's argument.
Assume the relevant parameters are unit value of the product to be one million, discount rate to be 4%, diffusion to be 40%, duration of the project, to be thirty years and market size to be 150 over the project life. It can be calculated from Formula (7) that a project with a fixed cost of 25 million dollar will have the highest rate of return. However, if any parameter changes, the optimal value of fixed cost investment will change as well. For example, if diffusion increases to 60%, the optimal value of fixed investment will become 11 million. Since fixed cost is spent or committed at the beginning of the project while other parameters may change over the course of project life, it is impossible to determine optimality in advance. Furthermore, higher fixed cost systems, which are often the winners of earlier market competition, suffer more from the increase of uncertainty. This means that long term survival is not necessarily consistent with short term optimization.
Earlier, we have shown that systems with higher fixed costs earn higher rates of return in large markets and stable environments than those with lower fixed costs. These systems may appear superior. However, the performance of high fixed cost systems deteriorates in high volatile environments. From this production theory, the main theme of economic and biological evolution is the tradeoff between competitiveness of high fixed cost systems in a stable environment and flexibility of low fixed cost systems in a volatile environment. Biologists haven't found a universally applicable measure of fitness (Stearns, 1992, p. 33) . Our theory shows that there does not exist such a measure. For the same reason, there will not exist a universally applicable measure of optimality.
Is marginal cost equal to marginal revenue?
Traditional economic theory suggests that companies will keep increasing the output until the marginal cost of the product is equal to its marginal revenue (Friedman, 1953, p. 16) . Empirical evidences show that companies generally charge a substantial price mark up on their products.
This analytical theory offers a simple and clear understanding about price markup. For example, if a software is targeted to sophisticated users, its interface can be simple, which reduce development cost and its sales effort can be small, which reduce variable cost. If the software developer considers increasing the market size by targeting general users, the interface of the software needs to be very intuitive with many help facilities, which increase development cost and its sales effort and after sales service can be substantial for less sophisticated users, which increase variable cost. Since the increase of market size often involve both the increase of variable cost and fixed cost, most projects are designed that the marginal cost to be much lower than the product value to maximize potential profit.
To keep increasing the output until its marginal cost equal to marginal revenue often means that the company may have to enter difficult areas, which will have repercussion on its earlier units.
For example, when employees in a WalMart store in Quebec voted to unionize, WalMart closed down that store although that store would remain profitable under unionized workforce. To keep a unionized store open will affect the margin of other stores, whose staff will attempt to unionize as well. From Formula (7), the rate of return not only depends on the market size, but also depends on other factors. If the increase of market size will increase the diffusion rate as well, companies have to consider the total effect on long term profitability. To make it more concrete, we will provide an example.
In general, when the size of a company increases and business expands, the internal coordination and external marketing becomes more complex. This can be modeled with diffusion, σ, as an increasing function of the market size. Specifically, we can assume
Where σ 0 is the base level of diffusion, Q is the market size and l > 0 is a coefficient. With the new assumption, we can calculate the return of production from formula (7). The result from the calculation is presented in Figure 9 . From Figure 9 , the rate of return initially increases with the production scale, which is well known as the economy of scale. When the size of output increases further, the rate of return begin to decline. Hence a company will not keep increasing production until its marginal cost equal to product value.
Concluding remarks
Hall and others summarized the current state of mind among many researchers in ecological economics:
Existing "economic" models cannot effectively represent a total economy, because none has a biophysical basis; some attempts to produce such a model have been made, … We must conclude, however, that a truly useful and acceptable model that includes the biophysical basis of the economy is probably still far in the future. …We challenge new generation of economists and natural scientists to think from this perspective. (Hall et al, 2001, p. 671) One of the purposes of this paper is to inform that a truly useful model that includes the biophysical basis of the economy has already been developed. The model turns the insights from ecological economics into an analytical theory that can be applied to day to day business Assume the annual output of two types of projects are the same. When duration is short, the profit level of one long project is higher than two short projects. When duration is long, the profit level of one project is lower than two short projects. 
